Recent studies have demonstrated a novel molecular mechanism for the regulation of airway smooth muscle (ASM) contraction by RhoA GTPase. In ASM tissues both MLC phosphorylation and actin polymerization are required for active tension generation. RhoA inactivation dramatically suppresses agonist induced tension development and completely inhibits agonist induced actin polymerization, but only slightly reduces MLC phosphorylation. The inhibition of MLC phosphatase does not reverse the effects of RhoA inactivation on contraction or actin polymerization. Thus, RhoA regulates ASM contraction through its effects on actin polymerization rather than MLC phosphorylation. Contractile stimulation of ASM induces the recruitment and assembly of paxillin, vinculin and FAK into membrane adhesion complexes (adhesomes) that regulate actin polymerization by catalyzing the activation of cdc42 GTPase by the GIT-Pak PIX complex. Cdc42 is a necessary and specific activator of the actin filament nucleation activator, N-WASp. The recruitment and activation of paxillin, vinculin and FAK is prevented by RhoA inactivation, thus preventing cdc42 and N-WASp activation. We conclude that RhoA regulates ASM contraction by catalyzing the assembly and activation of membrane adhesome signaling modules that regulate actin polymerization, and that RhoA mediated assembly of adhesome complexes is a fundamental step in the signal transduction process in response to a contractile agonist.
. In vascular smooth muscle, the stimulation of MLC phosphorylation resulting from the RhoA-mediated inhibition of MLC phosphatase is widely regarded as an important mechanism for the regulation of contraction in response to agonist stimulation ( RhoA is also recognized as a key regulator of actin cytoskeletal dynamics and organization in most cell types. In airway smooth muscle and a number of other smooth muscle tissue types, actin polymerization plays a critical role in the regulation of active tension development (Walsh and Cole 2013;Yamin and Morgan 2012;Zhang and Gunst 2008a; Gunst and Zhang 2008) . Contractile stimulation triggers the polymerization of a small pool of actin and catalyzes the dynamic reorganization of the actin cytoskeletal system. Agonist induced force development is markedly reduced when actin polymerization is inhibited using either pharmacologic or molecular interventions. Studies of airway smooth muscle using a variety of molecular interventions to inhibit upstream cytoskeletal processes required for actin polymerization uniformly find that the polymerization of a small pool of actin is necessary for agonist-induced tension generation (Zhang et (Fig. 1A) . However, the inhibition of actin polymerization using either molecular or pharmacologic approaches has little or no effect on the increase in MLC phosphorylation in response to agonist stimulation (Fig. 1B) (Fig. 1C) (Zhang, Du, and Gunst 2010) . Thus, in airway smooth muscle, actin polymerization and smooth muscle MLC phosphorylation appear to be distinct cytoskeletal processes that are independently regulated during contractile stimulation.
Studies of airway smooth muscle also demonstrate that the molecular processes that catalyze actin polymerization occur at the cell cortex, suggesting that the actin filaments polymerized in response to stimulation with contractile agonists are localized to a cortical network of filaments (Zhang, Huang, and Gunst 2012;Zhang and Gunst 2008a;Gunst and Zhang 2008;Opazo Saez A., Zhang, Wu, Turner, . While the function of this pool of actin in smooth muscle has not been established, it may stabilize the attachment of actin filaments to cell membrane junctions; thus strengthening these sites for the transmission of force between the contractile apparatus and the extracellular matrix. Cortical actin filaments may also provide a scaffold for the support and activation of signaling modules critical for the transduction of signals from extracellular stimuli to the cytoskeleton (Gunst and Zhang 2008; Zhang, Huang, and Gunst 2012 (Zhang, Du, and Gunst 2010) . Both of these treatments were confirmed to inhibit the activity of endogenous RhoA in the intact tracheal smooth muscle tissues. When RhoA activity was inhibited, contractile tension development in response to stimulation of the tissues with ACh was reduced by approximately 60% and ACh-induced actin polymerization was completely inhibited; however, RhoA inhibition has only a small effect on the ACh-induced increase in MLC phosphorylation (Zhang, Du, and Gunst 2010) (Fig. 2) . The RhoA mediated inhibition of myosin light chain phosphatase contributed slightly to the ACh-induced increase in MLC phosphorylation; however this effect was small in the airway smooth muscle tissues and did not contribute significantly to overall tension development. The inhibition of MLC phosphatase activity using calyculin A did not affect the reduction in actin polymerization or tension development caused by RhoA inactivation (Zhang, Du, and Gunst 2010) (Fig. 2) . Thus, while RhoA-mediated processes are clearly important for the regulation of force generation in airway smooth muscle tissues during muscarinic stimulation, the evidence shows that the primary effect of RhoA is on the regulation of pathways that catalyze agonist induced actin polymerization. RhoA-mediated effects on ACh-induced MLC phosphorylation have little impact on airway smooth muscle contractility.
Agonist-induced actin polymerization is mediated by the actin nucleation promoting protein, neuronal Wiskott-Aldrich syndrome protein (N-WASP) in airway smooth muscle tissues (Zhang, Wu, Du, Tang, and Gunst 2005) . N-WASP undergoes a change in conformation during its activation that enables it to bind to the actin-related protein complex (Arp2/3 complex). The Arp2/3 complex creates a template for actin polymerization that facilitates the addition of monomeric actin (G-actin) to existing F-actin filaments (Rohatgi et In airwaysmooth muscle tissues; cdc42 activation is necessary for N-WASp activation, actin polymerization and active tension development . To determine whether RhoA is an upstream regulator of cdc42 and N-WASp activation, we evaluated its role in regulating cdc42 activation, N-WASp phosphorylation, and the coupling of N-WASP to the Arp2/3 complex (Zhang, Huang, and Gunst 2012) . N-WASP and Arp2/3 complex coupling was assessed using proximity ligation assays (PLA) in freshly dissociated smooth muscle cells and by co-immunoprecipitation assays in airway smooth muscle tissues after RhoA activity had been inhibited (Zhang, Huang, and Gunst 2012) (Fig. 3) . The phosphorylation of N-WASP on Tyr 256, an indicator of its activation, was assessed by immunoblot. RhoA inactivation was found to inhibit N-WASp activation and its coupling to the Arp2/3 complex in airway smooth muscle tissues and freshly dissociated cells (Fig. 3A-C) . The ACh-induced activation of cdc42 was also inhibited by the inactivation of RhoA (Zhang, Huang, and Gunst 2012) (Fig. 3D) . As RhoA cannot directly modulate N-WASp activation, we concluded that it must affect cdc42 and N-WASP activation by regulating upstream cytoskeletal signaling processes that mediate their activation. Paxillin also undergoes tyrosine phosphorylation after its recruitment to membrane adhesion complexes in airway smooth muscle. Paxillin is a substrate for FAK (Bellis et al. 1995; Schaller and Parsons 1995) , and FAK regulates the tyrosine phosphorylation of paxillin in airway smooth muscle (Tang and Gunst 2001) . The recruitment of FAK to adhesome complexes and its activation is required for the tyrosine phosphorylation of paxillin in airway smooth muscle (Zhang, Huang, and Gunst 2012).
After paxillin is recruited to the membrane and undergoes tyrosine phosphorylation, it interacts with protein complexes that contain guanine nucleotide exchange factors (GEFs) that can regulate the activity cdc42 (Zhang, Huang, and Gunst 2012) (Fig. 5) . (Lynch et al. 2006) . In airway smooth muscle cells, the binding of GIT molecules to the LD4 domain of paxillin regulates the localization of GIT-Pak-PIX complexes to membrane adhesion sites (Zhang, Huang, and Gunst 2012) (Fig. 5,6 ). After coupling to paxillin, the PIX-Pak-GIT signaling complex mediates the activation cdc42, which in turn regulates the activation of N-WASp and the Arp 2/3 complex and the polymerization of cortical actin (Zhang, Huang, and Gunst 2012) (Fig. 6.) In airway smooth muscle, the localization and assembly of these complexes of adhesome proteins is a necessary prerequisite to the process of actin polymerization that occurs during contractile stimulation, and the activation of upstream signaling scaffolding/proteins such as vinculin and paxillin depend on their recruitment and localization in membrane adhesion complexes ( We evaluated the effects of RhoA inactivation on adhesome complex assembly in dissociated airway smooth muscle cells using PLA to assess protein interactions that occurred in response to contractile stimulation, and by co-immunoprecipitation analysis of tracheal smooth muscle tissue extracts (Figs. 5,6 ). The membrane recruitment of paxillinvinculin complexes and the tyrosine 1065 phosphorylation of vinculin and paxillin were dependent on the activation of RhoA (Huang, Zhang, and Gunst 2011). RhoA inactivation also prevented the membrane recruitment and activation of focal adhesion kinase and its interaction with paxillin at adhesome complexes (Zhang, Huang, and Gunst 2012) (Fig 5B, Fig. 6) . Furthermore, the association of the GIT-Pak-PIX complex with paxillin, which is required for activation of its GEF activity toward cdc42, was also inhibited by RhoA inactivation (Figs.5, 6 ). These observations demonstrate that RhoA is an upstream regulator of adhesome complex assembly in airway smooth muscle, and that the inactivation of RhoA prevents the assembly and activation of critical signaling cascades that regulateactin cytoskeletal dynamicsand actin polymerization.
In summary, these studies suggest a novel mechanism for the regulation of smooth muscle contraction by the small GTPase RhoA (Fig. 7) . The effect of RhoA on airway smooth muscle contractility is clearly due to its role in the regulation of actin dynamics (Zhang, Du, and Gunst 2010;Zhang, Huang, and Gunst 2012). RhoA regulates actin dynamics by catalyzing the assembly of adhesome signaling complexes at the airway smooth muscle membrane that include the actin regulatory proteins paxillin, vinculin and FAK. These proteins undergo activation in response to a contractile stimulus only after recruitment and assembly into membrane associated adhesome complexes. After activated paxillin associates with the GIT-Pak-PIX signaling module, the GEF activity of PIX contributes to the activation of cdc42, which is essential for N-WASP activation and actin polymerization. By regulating the association of paxillin with the GIT-Pak-PIX complex, RhoA regulates the activation cdc42, leading to activation of the actin polymerization catalysts N-WASp and the Arp 2/3 complex and the subsequent polymerization of cortical actin.
These findings suggest that the RhoA-mediated assembly of adhesome signaling complexes is an essential upstream step in the process of excitation-contraction coupling and tension development in airway smooth muscle tissues during agonist-induced contractile activation. Furthermore, the catalytic function of RhoA on adhesome complex assembly appears to be the primary mechanism by which RhoA regulates the contractility of airway smooth muscle during agonist stimulation. The evaluation of other smooth muscle tissues types will provide evidence as to whether Rho-mediated adhesome assembly also plays an important role in regulating their physiologic functions. 1-2, ACh stimulation activates RhoA. 3, Activation of RhoA induces the independent recruitment of paxillin-vinculin complexes and FAK to cell adhesomes. FAK and paxillin interact at the membrane and activated FAK catalyzes the phosphorylation of paxillin, which is bound to activated vinculin. P hosphorylation of paxillin facilitates the formation of a complex containing paxillin, GIT, PAK and PIX. 4. The GIT-Pak-PIX complex induces the activation of cdc42 through the GEF activity of PIX. 5. cdc42 activation catalyzes the activation of N-WASp, which interacts with the Arp2/3 complex to induce actin polymerization in the cortical region of the smooth muscle cell. This enables the transmission of tension generated by the smooth muscle actomyosin crossbridge cycling within the contractile apparatus.
